Objective: Assess the prognostic value of ultrasound and Doppler parameters in severe preterm pre-eclampsia.
Introduction
Severe pre-eclampsia is a serious condition with significant maternal and perinatal morbidity and mortality.
1,2 Expectant management is feasible in selected cases, but only considered when it may significantly reduce prematurity-related compromise 3, 4 although fetal indications for delivery in pre-eclampsia are not well established. Placental insufficiency often complicates pre-eclampsia and may cause fetal distress, hypoxaemia, metabolic acidosis, perinatal demise, morbidity and long-term impairment. 2, 5, 6 The coexistence, temporal changes and prognostic implications of abnormal ultrasound and Doppler findings are now well described in placental insufficiency, [7] [8] [9] but while knowledge of umbilical artery Doppler results 10 is of clear clinical benefit, the use of other ultrasound and Doppler parameters has not yet been shown to improve perinatal outcome. In preterm pre-eclampsia, some studies have investigated the prognostic value of such parameters close to delivery, [11] [12] [13] [14] [15] [16] [17] but combinations of parameters, their inter-relations and the influence of confounding variables in this setting have not been investigated widely. [18] [19] [20] Before one can assume that assessment of fetoplacental blood flow patterns should affect the management of preterm pre-eclampsia, it needs to be established which findings contribute independently to the ultimate prognosis, either at the time of diagnosis or during serial reassessment. The current study investigates whether combinations of ultrasound findings and fetoplacental Doppler indices in severe preterm preeclampsia can identify fetuses at high risk of death, major morbidity or long-term compromise.
Materials and methods
A prospective cohort study was performed in the metropolitan area of Cape Town, South Africa, involving women using public sector medical facilities for pregnancy care. Clinically stable women with severe pre-eclampsia between 24 and 34 weeks gestation were recruited in the antenatal or labour ward of Tygerberg Hospital, tertiary referral centre for Fetal-Maternal Medicine. Severe pre-eclampsia was defined according to ISSHP criteria. 21 Gestational age (GA) was estimated by a combination of menstrual history and ultrasound biometry. Women gave written informed consent and the study was approved by the Committee for Human Research of the University of Stellenbosch. Subjects underwent an abdominal ultrasound examination by one of three trained and experienced sonologists with a 3.5 to 5 MHz curvilinear probe with colour and duplex Doppler facilities (Siemens Antares, Germany), two to three times weekly until delivery. Data were collected on fetal biometry and anatomy, amniotic fluid index (AFI) and placental appearance as well as pulsatility indices (PI) of the umbilical, middle cerebral and uterine arteries and ductus venosus. A period of audit of image quality and measurement accuracy preceded the study to ensure reproducible performance. The placenta was considered jelly-like when globular in shape with a patchy decrease of echogenicity and quivering like jelly on tapping the maternal abdomen. 22 Echogenic cystic lesions were defined according to Viero. 23 The fetal weight was estimated (EFW) according to Hadlock 24 using the biparietal diameter, head and abdomen circumference and femur length. A head/abdominal circumference ratio above the 95th centile indicated asymmetric growth; 25 an AFI less than 5 cm oligohydramnios; a subjectively increased cardiothoracic ratio or pericardial effusion were considered abnormal cardiac findings; bowel was considered echogenic when comparable to bone; a middle cerebral artery PI below the fifth percentile or a placentocerebral ratio greater than 1 ( ¼ umbilical artery PI divided by middle cerebral artery PI) indicated redistribution. Small-for-gestational age (SGA) was defined as a birth weight below the 10th percentile for this population and severe SGA below the third percentile. 26 The results of blood flow studies other than the umbilical artery resistance index were kept blind to the clinician, as per current clinical protocol. Subjects were managed expectantly as inpatients in a high-care setting as long as no contraindications for continuation of the pregnancy arose. Contraindications included severe maternal complications (HELLP-syndrome, eclampsia, renal failure, uncontrollable hypertension, pulmonary oedema, abruption or maternal ascites), 34 weeks GA, intrauterine demise, reversed end-diastolic flow (EDF) in the umbilical artery or fetal distress on cardiotocography (CTG) (baseline variability less than five beats per minute for more than an hour, repeated late decelerations or both). Management included blood pressure measurements every 4 h, appropriate antihypertensive agents and twice weekly blood tests.
Betamethasone administration (2 Â 12 mg intramuscularly over 24 h) and 6-h CTG monitoring were initiated when the fetus was considered viable (28 weeks GA with estimated weight >800 g). The study had two primary outcome parameters: poor outcome (perinatal demise or clinical/ultrasound signs of neurological compromise in the infant at the time of discharge from the tertiary institution) and major neonatal morbidity (including respiratory failure requiring ventilation (continuous positive airway pressure (CPAP)-ventilation was not restricted to babies admitted to the neonatal intensive care unit), neonatal sepsis, pulmonary or gastrointestinal haemorrhage, pneumothorax, necrotising enterocolitis, anaemia requiring transfusion, metabolic acidosis, periventricular leukomalacia, grade 3 or more intraventricular haemorrhage, convulsions and hydrocephaly). Data were analysed by SPSS and Statistica statistical package. P-values of less than 0.05 were considered statistically significant. Discrete data were compared with w 2 , relative risks (RR) and 95th percentile confidence intervals (P95 CI) or Fisher's exact test where numbers were small. Continuous data were compared with Student's t-test where the distribution was normal and Mann-Whitney U-test when not. Multiple logistic regression analysis was carried out, and receiver-operator-characteristic curves (ROC) were determined. Spearman's correlation coefficient was used to determine correlations between continuous variables and regression analysis was used to calculate the adjusted R square.
Results
Over a 10-month period 123 severely pre-eclamptic women were recruited. Excluding nine pregnancies that never reached viability and one case with congenital cytomegalovirus infection, this study reports on 113 normal viable fetuses. Table 1 describes patient characteristics and pregnancy outcome, illustrating the frequent need to abandon expectant management because of maternal and/or fetal compromise (75.2% of patients, 34.5% for fetal reasons). Nine of the babies died and all but one neonatal death occurred in the first 7 days of life. The perinatal mortality rate was 10.9/1000 (1/92) for birth weights over 1000 g. Table 2 describes the findings at presentation.
Many ultrasound and Doppler findings were interrelated, often more strongly on the final compared to the initial assessment. Fetuses were more often SGA at birth when the growth pattern had been asymmetric (P<0.001), the AFI reduced (P ¼ 0.03) or the placentocerebral ratio increased (P ¼ 0.01). Oligohydramnios was seen more frequently with severe SGA (P ¼ 0.02), absent/reversed EDF (P ¼ 0.004), a raised umbilical artery PI (P ¼ 0.03), placentocerebral ratio (P<0.001) or ductus venosus PI (P ¼ 0.02), a decreased middle cerebral artery PI (P ¼ 0.002), echogenic bowel (P ¼ 0.002) or abnormal appearance of the heart (P<0.001)). The EFW correlated strongly with GA at presentation (P<0.001, r 2 ¼ 0.57) and birth weight (P<0.001, r 2 ¼ 0.85). Absent/reversed EDF (P ¼ 0.02), asymmetric growth (P<0.001), (severe) SGA (P<0.001) and increased values of umbilical artery PI (P ¼ 0.001), ductus venosus PI (P ¼ 0.02) and placentocerebral ratio (P ¼ 0.003) were more prevalent with lower EFW. GA at recruitment correlated with birth weight (r 2 ¼ 0.47, P<0.001) and GA at delivery (r 2 ¼ 0.72, P<0.001) and earlier diagnosis was associated with poorer Doppler results initially (umbilical artery PI (P ¼ 0.001), absent/reversed EDF (P ¼ 0.009), ductus venosus PI (P ¼ 0.02)) as well as before delivery (absent/reversed EDF (P ¼ 0.001), placentocerebral ratio (P ¼ 0.07), ductus venosus PI (P ¼ 0.03)).
Interval to delivery
The interval between recruitment and delivery was related to GA at birth (P<0.001), but not birth weight or GA and EFW at presentation. The interval was shorter in the presence of oligohydramnios (3.7±3.7 versus 7.5±8. Table 3 shows findings at recruitment and at the last assessment preceding delivery, comparing 12 pregnancies with poor outcome (10.6%) with pregnancies resulting in intact survival at discharge from the tertiary centre. There was no difference in maternal characteristics, placental abruption, delivery mode, fetal distress or Apgar score. Birth weight (ROC area 0.887) and initial EFW (ROC area 0.879 (0.796, 0.961), best cutoff 1080 g) were the strongest predictors of outcome followed by GA at recruitment (ROC area 0.789). Individual Doppler indices were of more prognostic value than grey-scale variables. The initial EFW with a cutoff weight of 1080 g had the highest sensitivity (83.3%) and negative predictive value (97.5%) (specificity 77.2%, positive predictive value 30.3%, P<0.001) followed by the initial umbilical artery PI (sensitivity 75%, negative predictive value 95%). The final ductus venosus PI had the highest specificity (92%) and positive predictive value (33%) and combined with a raised placentocerebral ratio, it had a positive predictive value of 57.1% for poor outcome. Logistic regression showed the best overall predictive model to be a combination of initial EFW and final ductus venosus PI (correct prediction of poor and good outcome in 66.7% (8/12) and 98.0% (97/99) of cases respectively with an overall accuracy of 94.5% (105/111), Table 4 ). Median (range).
Poor outcome
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Major morbidity Sixty-two neonates had major morbidity and/or died (54.4%), 60% of them had multiple major complications. The most common morbidities included respiratory failure (53), sepsis (21), patent ductus arteriosus (10), major intraventricular haemorrhage, metabolic acidosis and severe anaemia (each five), pulmonary haemorrhage (four), necrotising enterocolitis (three). Table 5 compares the findings at recruitment and preceding delivery between pregnancies complicated by major neonatal morbidity (including perinatal death) and those without. There was no difference in maternal characteristics apart from ascites (RR 1.38 (1.00, 1.91)). Cases with major morbidity more often had non-reassuring CTG changes (P ¼ 0. (Table 6 ). Subgroup analyses were performed for both study end points by combining two or three of the most significant variables. Combinations incorporating EFW at different cutoff values always performed better than when using GA but none of these combinations were more accurate than the results of the logistic regression analysis.
Discussion
This study, performed in viable pregnancies complicated by early-onset pre-eclampsia and with a perinatal mortality rate in Prognostic value of placental insufficiency indicators L Geerts and HJ Odendaal line with other reports, 2,27,28 confirms many of the previously described associations between ultrasound findings or Doppler parameters and pregnancy outcome. The most important finding, however is that the ultrasonographic fetal weight estimation at the time of diagnosis had the greatest prognostic value and was more important than any ultrasound and Doppler findings, either alone or in combination.
Weight and gestational age
The prognostic value of the GA at delivery and birth weight 2,5 was confirmed in this study and the rationale behind expectant management for severe preterm pre-eclampsia is exactly to increase both. This study illustrates however, that the GA at the onset of the disease, which is not affected by expectant management, is a very important determinant of these two variables (P<0.001). Earlier diagnosis was associated with poorer initial Doppler results confirming that placental insufficiency is increasingly more severe, the earlier the clinical entity of severe pre-eclampsia demonstrates itself. 29 Similar associations were found with the initial fetal weight estimation, which is a reflection of both earlier GA as well as more severe placental disease. The fetal weight estimation is known to the clinician while managing the patient, before delivery and this is the first study to show that the initial fetal weight estimation offered a more accurate prediction of prognosis than birth weight or GA at delivery.
Venous Doppler
In fetuses with prolonged deprivation due to severe placental insufficiency, progressive fetal acidemia develops because of tissue hypoxia. The ensuing myocardial decompensation results in increased end-diastolic ventricular pressures and decreased flow velocities during atrial contraction causing increased pulsatility in the precordial veins. [7] [8] [9] In the current cohort, the last ductus venosus PI preceding delivery was the strongest individual Doppler predictor of poor outcome (P ¼ 0.02) and major morbidity (P ¼ 0.03) and proved to be of value in the prediction of final outcome even when controlling for the fetal weight estimation. The 12 fetuses with abnormal ductus venosus flow followed a particularly poor course, in line with other studies: [30] [31] [32] eight were admitted to NICU, nine needed ventilation (one baby received CPAP-ventilation in the normal neonatal ward), all had major morbidity and four had poor outcome. The mean interval to delivery was only 1 (0 to 4) days, illustrating that with abnormal ductus venosus waveforms the onset of fetal compromise seems imminent. [7] [8] [9] It needs to be investigated whether an intervention preceding such abnormal waveforms improves outcome.
Placental insufficiency
Nearly half of the infants were SGA and the initial umbilical artery PI was abnormal in 45.1% of cases, increasing over time to 55.8%. This confirms that progressive placental insufficiency is a common, though not universal, complication of pre-eclampsia. The initial umbilical artery PI had good sensitivity for poor outcome and major morbidity (75 and 58% respectively) in line with other publications reporting more adverse outcome in pre-eclampsia when umbilical artery waveforms are abnormal. [11] [12] [13] 18, 19 The current results, however, are in contrast to 18 Yoon (1994) , who showed the umbilical artery waveform to be an independent predictor of poor outcome with an odds ratio of 14.2 after correcting for GA. The much narrower definition of adverse outcome in the current, larger cohort, may account for the lower relative risk as well as the lack of statistical significance in multivariate analysis including the fetal weight estimation.
Redistribution
The normal fetus responds to chronic hypoxia by progressive blood flow redistribution to essential organs through dilatation of cerebral vessels, often resulting in asymmetric growth restriction (sparing of head growth relative to abdominal girth growth). The finding of an increasing incidence of growth restriction and asymmetric growth at more advanced GA and with longer expectant management is in line with other studies 4, 5 and is of concern since both have been identified as predictors of survival in previous studies 5 and indicated poorer outcome in this cohort (Table 3 . RR for severe SGA 2.77 (0.97, 7.92); for asymmetric growth 3.54 (1.21, 10.35)). At recruitment, 25.7% of fetuses had growth asymmetry, 42.5% had a low middle cerebral artery PI and 26.5% an increased placentocerebral ratio, which increased further over time. In line with other studies 16, 20, 33, 34 the placentocerebral ratio preceding delivery was higher in pregnancies with poor outcome or major morbidity and showed a stronger association than middle cerebral artery PI alone. When controlling for the fetal weight estimation, the placentocerebral ratio was no longer significantly associated with the end points studied. One must, however, take note of the fact that redistribution with positive EDF in the umbilical artery has been shown to increase the likelihood of long-term cognitive impairment at 3 to 6 years of age to a similar extent as absent or reversed EDF. 6 In the current study, two of the three infants with an abnormal neurological examination at the time of discharge had increased and progressively worsening placentocerebral ratios. The placentocerebral ratio may therefore be of greater significance for ultimate neurodevelopmental outcome than for the short-term outcome measures addressed in this cohort. It would be of great value to specifically assess this in a study with long-term follow-up of the infants.
Uterine artery waveforms
Defective extra villous trophoblast invasion with reduced intervillous perfusion is common in early-onset pre-eclampsia. 35 The uterine artery PI was of no prognostic value in this cohort since 98.2% of the uterine artery waveforms were abnormal. This is in keeping with other studies showing a high incidence of Prognostic value of placental insufficiency indicators L Geerts and HJ Odendaal increased uterine artery PI before the onset of pre-eclampsia as well as in established disease, more so in severe early-onset pre-eclampsia (as in this cohort) compared to milder forms near term. 36, 37 Abnormal uterine artery waveforms are strongly associated with histological abnormalities in the placenta 23, 38 (that is decidual vasculopathy, accelerated villous maturation, ischemic-thrombotic lesions and infarctions) that correlate with ultrasound characteristics 23 and occur more frequently at earlier GA. 29 This is in keeping with the current findings: only 49% of placentas had a normal appearance on ultrasound and with a jelly-like placenta the pregnancies were approximately 1 week less advanced (207.3±9.9 versus 215.5±13.2 days).
Interval to delivery
The potential benefits from longer expectant management are greatest for the most preterm fetuses and, fortunately, the interval between diagnosis and delivery was not affected by the initial GA and fetal weight estimation. In the two randomized controlled trials that showed an improved outcome with expectant management in severe preterm pre-eclampsia, 3, 4 no detailed ultrasound and Doppler data were presented. This study shows that abnormal initial Doppler waveforms as well as the closely linked ultrasound features of placental insufficiency (asymmetry, oligohydramnios, SGA) predicted a shorter interval to delivery, this getting progressively shorter as more vessels showed abnormal waveforms, as reported before. [7] [8] [9] 14 This suggests that longer expectant management can be anticipated in pregnancies presenting with a favourable placental function. Prolonging the pregnancy in these well-nourished preterm fetuses may indeed result in improved outcome. The benefits of a significantly shorter period of expectant management are, on the other hand, far less certain for fetuses presenting with abnormal placental perfusion. Their earlier elective delivery may in fact improve outcome by reducing complications associated with progressive redistribution, growth restriction and fetal distress.
This study has several limitations, the most significant being limited patient numbers. Poor outcome in particular, was too infrequent to allow for meaningful subgroup analyses. Even with the current sample size significant differences for the two study end points existed for many of the ultrasound and Doppler variables. However, because of the dominant impact of fetal weight and GA as well as the significant co-occurrence of many of the variables, a far larger cohort will be required to analyze the additional contribution (if any) of these variables. Until such a study is performed, caution is indicated before incorporating these variables into management protocols. A further limitation is that this study only looked at the short-term outcome of these pregnancies. It would be of very great value to assess the long term (especially neurodevelopmental) outcome by detailed prospective follow-up in future larger studies since different variables may be more important for these outcome measures than for the ones currently investigated. Since the fetal weight estimation was of such significance it may also be of value to assess the effect of ethnicity because fetal weight distributions may vary according to race.
Conclusions
Many ultrasound and Doppler variables are significantly associated with the perinatal prognosis in severe preterm pre-eclampsia, but very strong interrelations and confounders exist. Management recommendations based on observed prognostic values of single parameters should be interpreted with extreme caution unless the effect of fetal weight and/or GA is taken into account. This is the first study to show that the initial ultrasonographic fetal weight estimation is the strongest predictor of prognosis. Unfortunately this variable cannot be improved by any medical intervention and since it is particularly the youngest and smallest fetuses that may benefit most from an expectant approach, management decisions will need to be based on other factors. It appears from this study that delivery preceding abnormal ductus venosus waveforms may prove to be of clinical benefit since the prognosis is poor once this vessel's pulsatility index rises above the normal range. The challenge remains to identify the most suitable variable preceding these changes. In view of the dominant influence of the estimated fetal weight it is clear that very large cohorts at early GAs will be required to provide meaningful answers.
